###### Strengths and limitations of this study

-   Radiation delivered during CT is a major concern, especially for individuals undergoing repeated screening, such as asbestos-exposed workers.

-   We provide the first comparison of a new ultra-low-dose algorithm called *Veo* ('I see' in Spanish) with the gold standard filtered back projection (FBP) in detecting pulmonary conditions in asbestos-exposed workers.

-   *Veo* substantially reduces radiation doses, with 87% less radiation delivered than FBP.

-   *Veo* compared favourably with FBP acquisitions in detecting pleural plaques, diffuse pleural thickening and pulmonary nodules; the high prevalence of pleural plaques (297, observed in 74% of participants) and pulmonary nodules (167) permitted a robust statistical analysis.

-   However, these results should be confirmed on a larger sample size before the use of *Veo* in clinical routine practice in asbestos-related conditions, especially regarding the low prevalence of interstitial abnormalities.

Introduction {#s1}
============

Asbestos fibres were intensively used throughout the 20th century, and remain prevalent in developing countries.[@R1] However, asbestos exposure induces a variety of benign and malignant pleural and lung diseases.[@R2] [@R3] Owing to a long latency period between exposure and disease presentation, asbestos-related diseases remain a substantial public health problem.[@R1] The most common asbestos-induced neoplasm is lung cancer.[@R2] [@R3] Chest CT screening has been successfully used in the early detection of lung cancer in asbestos-exposed workers.[@R4] Moreover, thin-section CT is more sensitive than a chest X-ray for detecting early asbestos-related conditions.[@R7] Nevertheless, the use of CT has two main disadvantages: high radiation doses and depiction of incidental abnormalities such as pulmonary nodules in asymptomatic patients. Incidental abnormalities increase the frequency of follow-up by CT and may also psychologically impact on patients. Medical exposure from X-rays represents the major source of man-made irradiation with a large contribution from CT.[@R11] Increased exposure to radiation underpins the consequences of cancer induction.[@R14] However, reducing CT doses increases image noise from the filtered back projection (FBP) reconstruction. Strategies to reduce radiation exposure include the use of iterative reconstruction algorithms such as 'iDose', '100% ASIR (adaptive statistical iterative reconstruction)' and 'IRIS (iterative reconstruction in image space)'.[@R15] The new algorithm called *Veo* (General Electric Healthcare, Milwaukee, Wisconsin, USA) decreases the image noise up to 70% compared with the gold standard FBP model, whereas the '100% ASIR' algorithm is only capable of reducing image noise up to 47%.[@R21] Moreover, *Veo* ('I see' in Spanish) improves spatial resolution with excellent detection of low-contrast and high-contrast objects from a CT Dose Index (CTDI~vol~) equal to 0.3 mGy.

Thus, the objective of the present study was to compare *Veo* with the gold standard FBP for detecting pulmonary asbestos-related conditions among workers previously exposed to asbestos. Comparisons included radiation delivered and image quality.

Methods {#s2}
=======

Patients {#s2a}
--------

Written informed consent was obtained from all participants for the supplementary acquisition of *Veo* images in addition to their clinically indicated chest CT. Asbestos-exposed workers were recruited following referral to our radiology department for the evaluation of asbestos-related disease between September 2012 and April 2013. Inclusion criteria were: being asbestos-exposed workers, having a chest CT referral from the occupational medicine department, no history of cancer or thoracic surgery and the absence of other known interstitial pathology.

CT protocol {#s2b}
-----------

CT examinations were performed with a 64-slice CT system (Discovery CT 750HD; GE Healthcare, Milwaukee, Wisconsin, USA) and consisted of two successive acquisitions. Each examination, the normal-dose (FBP acquisition) and ultra-low-dose (*Veo* acquisition) spiral CT, was obtained on the entire thorax, at full inspiration with the participant in the supine position. No intravenous contrast material was administered. In accordance with guidelines, standard acquisition was performed with CT parameters adjusted to the participant's body size, including a tube kilovoltage (kV) of 120 (participants weighing 70 kg or less) and 140 (participants weighing more than 70 kg), with milliamperage (mA) equal to the patient's body weight. The other CT parameters were rotation time 0.5 s and pitch 1.375. Image data were reconstructed with FBP algorithm. The *Veo* acquisition was performed with constant CT parameters including: a tube voltage of 100 kV, a tube current of 20 mA, pitch of 0.984 and rotation time of 0.4 s. Image data were reconstructed with the *Veo* algorithm.

Interpretation of CT images {#s2c}
---------------------------

Each CT acquisition was viewed independently by two radiologists (2 and 7 years of experience---RB and AR). The low-dose images with *Veo* reconstruction were interpreted before the standard CT and on separate weeks to minimise recall bias. A third simultaneous reading of the *Veo* and FBP acquisitions by the more experienced radiologist (AR) evaluated the concordance of pleuroparenchymal abnormalities between *Veo* and FBP. Because FBP images are benchmark practice, when a lesion was found only on *Veo* images, it was regarded as a false positive.

Pleural and parenchymal abnormalities {#s2d}
-------------------------------------

According to established criteria,[@R9] [@R22] [@R23] the following asbestos-related pleural and parenchymal abnormalities were recorded as present or absent. Pleural abnormalities considered were: Pleural plaques: pleura thickening with no associated parenchymal abnormality. We recorded for each lesion: localisation (side, region: anterolateral, posterolateral, diaphragmatic or mediastinum), thickness and calcification.Diffuse pleural thickening: pleural thickening associated with parenchymal abnormalities such as rounded atelectasis and parenchymal bands.[@R22]Pleural effusion is typically asymptomatic, the fluid may be serous or haemorrhagic.[@R22]

CT features of asbestosis included: (1) subpleural dots and branching opacities, (2) curvilinear subpleural lines, defined as linear opacity within 1 cm of the pleura and parallel to the inner chest wall, (3) areas of ground glass opacities, (4) septal lines and (5) reticulations defined as single or branching lines 1--2 cm in length in the subpleural parenchyma, and (6) honeycombing, defined as cystic air spaces with well-defined walls less than 1 cm in diameter.

Presence of nodules was also recorded. We noted for each abnormality: localisation (side, table position) and nature (non-solid, part-solid, solid or calcified). To increase sensitivity, nodules were examined by combining maximum intensity projections and millimetric axial CT images.[@R24]

Radiation {#s2e}
---------

Comparisons included the dose length product (DLP) in mGy cm and effective doses in mSv. Computed conversion factor from DLP to effective dose for adult chest is 0.0146 mSv/mGy/cm.[@R25]

Quality of FBP and *Veo* images {#s2f}
-------------------------------

Respiratory artefacts were graded on a three-point scale (1=negligible, 2=moderate, 3=salient). Image noise was studied in the axial and coronal planes. A similar scale was used for subjective image quality in the mediastinum and parenchyma windows. Objective image noise is the mean of the SD of the signal intensity (in Hounsfield's units) measured with circular regions of interest (ROI) on different anatomical levels, 10 mm in diameter.[@R19] ROIs were drawn within the descending thoracic aorta at the level of the left main bronchus, within the tracheal lumen up to the tracheal bifurcation, and on the lung. The signal-to-noise ratio (SNR) was also calculated using the equation SNR=signal intensity/objective noise.[@R26]

Statistical analysis {#s2g}
--------------------

Sample size estimation was based on the number of pleural plaques and nodules. Considering the investigative nature of the study design and because the number of pleural plaques and nodules was not known initially, a sample size estimation was not proposed a priori even though a concordance coefficient κ between 0.40 and 0.90 was expected between FBP and *Veo* images. Therefore, 30 asbestos-exposed workers were predicted to be necessary to reject the null hypothesis 'H0: κ=0.40' vs 'H1: κ≠0.75' for a proportion of pleural plaques of 65%, with a statistical power of \>85% and α=5% (two-sided). Finally, the study was conducted to sequentially control the statistical power considering the number of plaques and nodules for each asbestos-exposed worker.[@R27]

Statistical analysis was performed using Stata software (V.12; Stata-Corp, College Station, Texas, USA). Quantitative variables are expressed as means±SDs. Proportions are expressed as percentage and 95% CIs. Comparisons in paired situation were realised using paired Student t test or Wilcoxon test when appropriate for quantitative variables and Stuart-Maxwell test for categorical parameters. Sensitivity, specificity, false positives and false negatives values of *Veo* were calculated and presented with 95% CIs, in comparison with results from FBP acquisitions. Estimates of sensitivity and specificity were obtained by first estimating the sensitivity and specificity for each patient. Sensitivity and specificity were then estimated by averaging the individual-specific estimates across patients. The variance of the estimate was the sample variance divided by the number of patients. Generalised estimating equation models with logit link and working independence correlation structure were also used to estimate sensitivity, taking into account the correlation among the multiple pleural plaques and pulmonary nodules for the same patient. The κ coefficient was used to measure agreement for categorical parameters and Pearson\'s correlation coefficient and Lin concordance correlation coefficient for quantitative data. The analyses were completed by using random-effect models when appropriate to consider within and between participant variability. The tests were two-sided, with a type I error set at α=0.05.

Results {#s3}
=======

Patients {#s3a}
--------

The flow chart of participants is displayed in [figure 1](#BMJOPEN2014004980F1){ref-type="fig"}. Among the 87 asbestos-exposed workers referred to our radiology department, 29 gave their consent and 27 were retained for analyses. The mean age of volunteers was 63.3±6.5 years. The mean duration of occupational exposure was 11.9±9.7 years.

![Flow chart of participants. FBP, filtered back projection.](bmjopen2014004980f01){#BMJOPEN2014004980F1}

Radiation dose {#s3b}
--------------

The average DLP was 16±5 mGy cm for *Veo* and 125±61 mGy cm for FBP. The corresponding average effective doses were 0.234±0.073 mSv for *Veo* and 1.825±0.876 mSv for FBP. The dose reduction was calculated to be 87.2% (p\<0.001).

Quality images assessment {#s3c}
-------------------------

For *Veo* acquisition, respiratory artefacts were graded as 'negligible' in 24 cases (89%) for reader 1 and 25 cases (93%) for reader 2, 'moderate' in 3 cases (11%) for reader 1 and 2 cases (7%) for reader 2, and no 'salient' artefact was recorded. For FBP acquisition, respiratory artefacts were graded as 'negligible' in 19 cases (70%) for reader 1 and 24 cases (89%) for reader 2, 'moderate' in 7 cases (26%) for reader 1 and 3 cases (11%) for reader 2, and as 'salient' in 1 case for reader 1 and in 0 cases for reader 2. *Veo* and FBP did not differ in subjective assessment of respiratory artefacts between the two radiologists (p=0.16 for reader 1 and p=0.65 for reader 2).

[Tables 1](#BMJOPEN2014004980TB1){ref-type="table"} and [2](#BMJOPEN2014004980TB2){ref-type="table"} provide results from *subjective* image noise assessed by the two radiologists using, average of objective noise data and SNR. The two protocols differed significantly in *objective* image noise. The ultra-low-dose *Veo* acquisition reduced objective image noise from 13% to 23% and increased SNR from 5% to 33% compared with the standard FBP acquisition.

###### 

Subjective noise assessment

                       Axial mediastinum   Axial parenchyma   Coronal mediastinum   Coronal parenchyma                                 
  -------------------- ------------------- ------------------ --------------------- -------------------- --------- --------- --------- ---------
  Reader 1                                                                                                                             
   Minimal, no (%)     2 (7)               22 (82)            6 (21)                25 (93)              19 (68)   25 (93)   22 (79)   26 (96)
   Moderate, no (%)    19 (68)             5 (18)             18 (64)               2 (7)                8 (32)    2 (7)     5 (21)    1 (4)
   Important, no (%)   6 (25)              0                  3 (14)                0                    0         0         0         0
    p Value            *\<0.001*           *\<0.001*          *0.03*                0.10                                               
  Reader 2                                                                                                                             
   Minimal, no (%)     2 (7)               17 (64)            4 (14)                26 (96)              8 (29)    19 (68)   19 (68)   26 (96)
   Moderate, no (%)    14 (50)             10 (36)            18 (64)               1 (4)                17 (61)   7 (29)    8 (32)    1 (4)
   Important, no (%)   11 (43)             0                  5 (21)                0                    2 (11)    1 (4)     0         0
    p Value            *\<0.001*           *\<0.001*          *0.02*                *\<0.01*                                           

FBP, filtered back projection.

###### 

Objective noise and signal-to-noise ratio measurements

                     Objective noise   signal-to-noise ratio                                                            
  ------------------ ----------------- ----------------------- ------------- ----- ---------- ----------- ------------- ----
  Trachea                                                                                                               
   Axial             20.1±3.6          26.1±9.3                *\<0*.*01*    −23   47.5±7.8   42.5±10.9   *0*.*04*      12
   Coronal           21.1±3.4          24.4±7.1                *0*.*02*      −13   45.7±7.3   43.4±9.7    0.24          5
  Descending aorta                                                                                                      
   Axial             20.1±3.2          25.1±5.4                *\<0*.*001*   −20   1.7±0.6    1.3±0.3     *\<0*.*001*   33
   Coronal           19.8±3.3          24.5±4.5                *\<0*.*001*   −19   1.6±0.6    1.3±0.3     *\<0*.*01*    22
  Lung                                                                                                                  
   Axial             25.8±5.1          32.8±14.4               *0*.*02*      −21   34.1±6.6   31.6±10.5   0.25          8
   Coronal           27.2±6.1          34.3±10.5               *\<0*.*001*   −21   32.3±7.3   28.5±6.9    *0*.*03*      13

FBP, filtered back projection.

However, the two readers rated higher *subjective* image noise in axial and coronal planes with *Veo* than FBP, with the exception of parenchymal analysis in the coronal plane for the reader 1 ([table 1](#BMJOPEN2014004980TB1){ref-type="table"}).

Pleural plaques {#s3d}
---------------

A total of 297 pleural plaques ([figure 2](#BMJOPEN2014004980F2){ref-type="fig"}) were observed in 20 participants (74%). Detection of plaques did not differ between *Veo* (259; 87%) and FBP (287; 97%; p=0.10). Thus, the third simultaneous reading of *Veo* and FBP resulted in the detection of 10 plaques that were not detected during the first reading of FBP images. The agreement for pleural plaques depiction was 84% with a κ of 0.05. However, when data were examined only for the presence of pleural plaque (yes or no) in patients, agreement increased to 96% (κ=0.91).[@R28] [@R29] Moreover agreement for size measurement (Lin coefficient) was 0.83 (p\<0.001) and κ coefficient for calcification detection was 0.86.

![Typical pleural plaques (1; white arrows), diffuse pleural thickening (2; white arrows) and parenchymal band (2; black arrows), and pulmonary nodule (3; white arrows) in axial plane and an example of normal images in axial plane (4). All *Veo* and filtered back projection (FBP) images are captured at the same anatomic level, with 100 kV and 20 mAs/section for *Veo* and 120 kV, 60 mAs for FBP.](bmjopen2014004980f02){#BMJOPEN2014004980F2}

For one participant, despite a *Veo* acquisition considered normal, FBP acquisition was positive for one isolated plaque.

Simultaneous analysis of *Veo* and FBP acquisitions led us to observe that *Veo* acquisition was responsible for three false positives corresponding to intercostal fat or muscles, with eight false negatives (2.7%).

Pleural thickening {#s3e}
------------------

Diffuse pleural thickening ([figure 2](#BMJOPEN2014004980F2){ref-type="fig"}) was present in four patients (14.8%). The detection rate for each technique was 100% with a κ of 1. No pleural effusion was found.

Parenchymal abnormalities {#s3f}
-------------------------

Parenchymal changes were found in 15 participants (55.6%), including subpleural dots, curvilinear subpleural lines, ground glass opacities, septal lines and reticulations. No honeycombing was found. [Table 3](#BMJOPEN2014004980TB3){ref-type="table"} summarises the prevalence (P), inter-rater agreement (τ) and κ between *Veo* and FBP acquisition, and the sensitivity, specificity, predictive positive value and predictive negative value of *Veo* acquisition for each interstitial abnormality.

###### 

Low-dose CT scan with *Veo* reconstruction, accuracy for interstitials abnormalities

                                            P (%)   τ (%)   κ      Se (%, CI 95%)        Sp (%, CI 95%)        PPV (%, CI 95%)     PNV (%, CI 95%)
  ----------------------------------------- ------- ------- ------ --------------------- --------------------- ------------------- ---------------------
  Total                                     55.6    70.4    0.44   46.7 (21.3 to 73.4)   100 (73.5 to 100)     100 (59 to 100)     60 (36.1 to 80.9)
  Subpleural dots and branching opacities   33.3    74      0.34   33.3 (7.5 to 70.1)    94.4 (72.7 to 99.9)   75 (19.4 to 99.4)   73.9 (51.6 to 89.8)
  Curvilinear subpleural lines              8       0       0      0                     0                     0                   0
  Areas of ground glass opacities           25.9    77.8    0.2    14.3 (0.4 to 57.9)    100 (83.2 to 100)     100 (2.5 to 100)    76.9 (56.4 to 91)
  Honeycombing                              0                                                                                      
  Reticulations                             18.5    92.6    0.71   60 (14.7 to 94.7)     100 (84.6 to 100)     100 (29.2 to 100)   91.7 (73 to 99)
  Septal lines                              14.8    85.2    0.26   25 (0.6 to 80.6)      95.7 (78.1 to 99.9)   50 (1.3 to 98.7)    88 (68.8 to 97.5)

τ, agreement with standard CT scan; κ, kappa coefficient; P, prevalence; PPV, positive predictive value; PVN, predictive negative value; Se, sensitivity; Sp, specificity.

Pulmonary nodules {#s3g}
-----------------

Pulmonary nodules ([figure 2](#BMJOPEN2014004980F2){ref-type="fig"}) were found in all patients, with a total of 167 nodules. All the nodules detected were smaller than 10 mm. No non-solid or part-solid nodules were observed. Among the 167 recorded nodules, the detection rate did not differ (p=0.98) between *Veo* (134/167) and standard FBP (133/167), with the same 80% detection rate. Thus, the third simultaneous reading of *Veo* and FBP resulted in the detection of 34 nodules that were not detected during the first reading of FBP images. The agreement between the two techniques for nodules depiction was 60% (κ=0.25). Simultaneous analysis of *Veo* and FBP acquisitions permitted us to observe that *Veo* acquisition was responsible for seven false positives (4%) and four false negatives (2.7%).

Interobserver agreement {#s3h}
-----------------------

No difference was observed for the interobserver agreement (κ) between the two techniques. Interobserver agreement was low for pleural plaques detection (0.09 for FBP and 0.10 for *Veo*) and fair for nodule detection (0.34 for FBP and 0.34 for *Veo*). The inter-reader agreements for parenchymal interstitial abnormalities and parenchymal diffuse pleural thickening were not evaluated due to their low prevalence.

Discussion {#s4}
==========

We compared for the first time low-dose CT using *Veo* reconstruction and the gold standard CT using FBP reconstruction to depict asbestos-related abnormalities and pulmonary nodules depiction. The major finding was that *Veo* compared favourably with FBP acquisitions in detecting pleural plaques, diffuse pleural thickening and pulmonary nodules. However, interstitial parenchymal abnormalities were depicted less frequently in *Veo* than FBP acquisitions. Nevertheless, *Veo* delivered 87% less radiation than FBP.

Quality of images {#s4a}
-----------------

The assessment of image quality showed discordant results. Despite low scanning parameters, the iterative reconstruction method of *Veo* significantly reduced the level of objective noise, but subjective noise parameters increased in comparison with FBP. This discordance may be explained by the novel appearance of *Veo* images requiring adaptation time for the radiologists. Our results are in line with previous results showing a relative noise reduction of 25% obtained from *Veo* (100 kV, 10 mAs) compared with FBP protocol (100 kV, 50--300 mAs).[@R30]

Pleural plaques {#s4b}
---------------

Pleural plaques corresponding to parietal pleura fibrosis are indicators of asbestos exposure[@R7] with a prevalence as high as 60% in previously exposed workers[@R10] [@R31] and 74% in the current study with highly exposed workers. In France, the detection of pleural plaques results in financial compensation for workers and early retirement. Consequently, pleural plaques are accepted only when results are unequivocal. Atypical plaques will only be considered when they occur bilaterally or in multiple sites, and with typical localisation. Owing to the three cases of false positive and eight cases of false negative, the low-dose CT with *Veo* reconstruction cannot be used for the first examination, but its use seems possible for patients' follow-up.

Diffuse pleural thickening detection {#s4c}
------------------------------------

Our results indicated that a low-dose scanner with *Veo* reconstruction was comparable with the FBP gold standard for diffuse pleural thickening detection. The prevalence of thickening was rare thus, we could not obtain statistical significance. However, thickening is of major importance because diagnosis results not only in compensation, but guarantees a lifelong pension. Considering the importance usually noted about these lesions, a *Veo* acquisition should be sufficient in clinical practice.

Parenchymal abnormalities {#s4d}
-------------------------

Reader sensitivity with *Veo* images was poor for interstitial parenchymal abnormalities. No case of true asbestosis was recorded, but 15 patients had non-specific interstitial abnormalities. However, the detection of interstitial abnormalities may be limited by several factors. First, the study was built for asbestos-related diseases. Recording specifications lacked the details required to comprehensively describe the presence of interstitial abnormalities. Therefore, without systematic records, interstitial abnormalities were likely underestimated. Second, *Veo* was always performed after FBP resulting in an increase of gravity-dependent attenuation in the posterior region which may have masked interstitial abnormalities. Third, the acquisitions were performed in the supine position, and acquisitions in the prone position were not always performed when necessary. Subsequently, the posterior region was not analysed with confidence. Thus, interstitial abnormalities were underestimated in our study.

Asbestosis refers to interstitial fibrosis caused by the deposition of asbestos fibres in the lung. Its prevalence is estimated to be about 5% in asbestos-exposed workers.[@R32] Asbestosis remains difficult to diagnose, particularly in the early stages. However, a significant dose--effect relationship exists between the cumulative exposure to asbestos and asbestosis.[@R33] Asbestosis is usually associated with dyspnoea, basilar rales and changes in pulmonary function with restrictive or mixed restrictive--obstructive patterns, and carbon monoxide diffusion abnormalities. Pulmonary asbestosis was previously diagnosed in 51 of 706 (7%) asbestos-exposed workers.[@R34] In a previous study, 51 of the 706 (7%) asbestos-exposed workers were diagnosed with pulmonary asbestosis. In this study, only 2% of the workers with less than 25 years of cumulative exposure to asbestos were diagnosed with asbestosis using high resolution CT screening.[@R34] Therefore, CT screening for asbestosis does not seem warranted in workers with low occupational exposure.

Pulmonary nodules {#s4e}
-----------------

In our study, all individuals had at least one pulmonary nodule. FBP and *Veo* shared the same detection rate of 80%. However, *Veo* reconstruction is not advised for initial nodules screening due to the seven false positives and four false negatives from the 167 nodules. According to the Fleischner Society guidelines,[@R35] nodule detection on CT requires specific management. In agreement with our recommendations for pleural plaques detection, *Veo* should be used only for patients' follow-up after a first detection of pulmonary nodules using gold standard CT.

Comparison of *Veo* with other low-dose algorithms {#s4f}
--------------------------------------------------

To date, no study using other algorithms to reduce radiation exposure has investigated asbestos-related conditions. Thus, because the *Veo* algorithm appears to reduce the more radiation delivered than other low-dose algorithms such as 'iDose', '100% ASIR' or 'IRIS',[@R15] we chose only to compare *Veo* with the gold standard FBP.

Limitations {#s4g}
-----------

The sample size could be perceived as a limitation. Limited sample size exacerbated the need for rapid adaptation time by the radiologists with relatively novel images. However, statistically, the high prevalence of pleural plaques (297, observed in 74% of participants) and pulmonary nodules (167) permitted a robust statistical analysis. Considering these results (κ=0.91), power seemed satisfactory (80%) to reject the null hypothesis 'H0: κ=0.4' vs 'H1: κ≠0.91' with 27 patients. In contrast, parenchymal interstitial abnormalities were rare, precluding sound statistical analyses. Parenchymal interstitial abnormalities suffered from major limitations due to CT positioning of patients. A further study dedicated to parenchymal interstitial abnormalities should be conducted. Clinically, a current limitation of iterative reconstruction is a long computing time.

Conclusion {#s5}
==========

A low-dose CT with *Veo* reconstruction substantially reduces radiation. Despite an unusual appearance, *Veo* image quality was generally accurate in its diagnosis. Specifically, *Veo* compared favourably with the gold standard FBP acquisitions in detecting pleural plaques, diffuse pleural thickening and pulmonary nodules. However, these results should be confirmed on a larger sample size before the use of *Veo* in clinical routine practice in asbestos-related conditions, especially regarding the low prevalence of interstitial abnormalities in this study.
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